We have theoretically studied the full counting statistics of electron transport through a singlemolecule magnet (SMM) with an arbitrary angle between the applied magnetic field and the SMM's easy axis above the sequential tunneling threshold, since the angle θ cannot be controlled in presentday SMM experiments. In the absence of the small transverse anisotropy, when the coupling of the SMM with the incident-electrode is stronger than that with the outgoing-electrode, i.e., Γ L /Γ R ≫ 1, the maximum peak of shot noise first increases and then decreases with increasing θ from 0 to 0.5π.
I. INTRODUCTION
the internal level structure of the SMM and the left-right asymmetry of the SMM-electrode coupling. In addition, the frequency-resolved shot noise spectrum of artificial SMM, e.g., a CdTe quantum dot doped with a single S = 5/2 Mn spin, can allow one to separately extract the hole and Mn spin relaxation times via the Dicke effect [22] . Especially, the FCS may provide the full information about the probability distribution P (n, t) of transferring n electrons between electrode and SMM during a time interval t. The FCS may be obtained from the cumulant generating function (CGF) F (χ) which related to the probability distribution by [25] e −F (χ) = n P (n, t) e inχ ,
where χ is the counting field. All cumulants of the current can be obtained from the CGF by performing derivatives with respect to the counting field
. In the long-time limit, the first three cumulants are directly related to the transport characteristics.
For example, the first-order cumulant (the peak position of the distribution of transferredelectron number) C 1 =n gives the average current I = eC 1 /t. The zero-frequency shot noise is related to the second-order cumulant (the peak-width of the distribution) S = 2e 2 C 2 /t = 2e 2 n 2 −n 2 /t. The third cumulant C 3 = (n −n) 3 characterizes the skewness of the distribution. Here, (· · · ) = n (· · · ) P (n, t). In general, the shot noise and the skewness are represented by the Fano factor F 2 = C 2 /C 1 and F 3 = C 3 /C 1 , respectively.
In this work, we consider a more universal model of the SMM and investigate the effect of the angle between the easy axis of the SMM and the applied magnetic field and the transverse anisotropy on the FCS in SMM. Up to now, the effects of the angle between the easy axis and magnetic field, and the transverse anisotropy on the FCS in the present SMM system has not been studied to the best of our knowledge. We found that although the threshold bias voltage of the sequential tunneling has only a tiny decrease with the increase of the angle θ from 0 to 0.5π, the quantum noise properties of electron transport through SMM is not only depend on the left-right asymmetry of the SMM-electrode coupling, but also the angle θ between the easy axis and magnetic field, which can be qualitatively attributed to the competition between the fast and the slow transport channels. The paper is organized as follows. In Sec. II, we introduce the SMM system and outline the procedure to obtain the FCS formalism based on an effective particle-number-resolved quantum master equation and the Rayleigh-Schrödinger perturbation theory. The numerical results are discussed in Sec. III, where we discuss the effects of an arbitrary angle between the easy axis of the SMM and the applied magnetic field, and the second-order transverse anisotropy on the super-Poissonian noise, and analyze the occurrence-mechanism of super-Poissonian noise.
Finally, in Sec. IV we summarize the work.
II. MODEL AND FORMALISM
A SMM coupled to two metallic electrodes L (left) and R (right) is described by the Hamiltonian H total = H mol + H leads + H T . We assume that the SMM-electrode coupling is sufficiently weak so that the electron transport is dominated by sequential tunneling. The SMM Hamiltonian is given by
Here, the first two terms depict the lowest unoccupied molecular orbital (LUMO),n ≡ U is the Coulomb repulsion between two electrons in the LUMO. The third term describes the exchange coupling between electron spin in the LUMO and the giant spin, the electronic spin The relaxation in the electrodes is assumed to be sufficiently fast so that their electron distributions can be described by equilibrium Fermi functions. The electrodes are modeled as non-interacting Fermi gases and the corresponding Hamiltonian
where a † αkσ (a αkσ ) creates (annihilates) an electron with energy ε αkσ , momentum k, and spin σ in α (α = L, R) electrode. The tunneling between the LUMO and the electrodes is described by
In sequential tunneling regime, the transitions are well described by quantum master equation of a reduced density matrix spanned by the eigenstates of the SMM. The detailed derivation of the FCS based on the particle-number-resolved quantum master equation can be found in Refs. [26] [27] [28] , and here, we only give the main results. Under the second order Born approximation and Markovian approximation, the particle-number-resolved quantum master equation for the reduced density matrix is given bẏ
with
where
, and g α=L,R are the density of states of the metallic electrodes. ρ (n) (t) describes the reduced density matrix of the SMM conditioned by the electron numbers tunneling through the right junction up to time t. Throughout this work,
we set e ≡ = 1. Here, the validity of the Markovian approximation deserves some discussions. For the case of sequential tunneling, the Markovian approximation is valid when the system conductance is small compared to the quantum conductance [29] , i.e., I/V ≪ e 2 / (2π ) = 1/ (2π), here we have utilized e ≡ = 1. In the present SMM system, the value of I/V is of the order of 10 −3 ≪ 1/ (2π). This means that the typical time between two tunneling events is τ 0 = e/I ≫ 2π / (eV ) = τ leads , i.e., the SMM dynamics is indeed much slower than the decay of lead correlations, thus, the Markovian approximation is well justified [29] . The CGF connects with the particle-number-resolved density matrix by
, where the trace is over the eigenstates of the SMM. Since Eq. (5) has the following forṁ
then S (χ, t) satisfiesṠ
where the specific form of L χ can be obtained by performing a discrete Fourier transformation to the matrix element of Eq. (5). Here, the master equation contains off-diagonal matrix elements ρ SM M mn , which corresponds to superpositions between molecular eigenstates |m and |n . In fact, since the presence of noncommuting Zeeman and transverse anisotropy terms in the SMM Hamiltonian, any two eigenstates differ in the spin expectation value S tol , which leads to different long-range (dipole) fields. Thus the unavoidable interactions between the SMM and many degrees of freedom in the environment (e.g., electron spins) lead to rapid decay of superpositions of these eigenstates and thus of ρ SM M mn [8, 29, 30] . As a result, in the following calculation the off-diagonal matrix elements can be neglected, and it is sufficient to consider the diagonal components of ρ SM M .
In the low frequency limit, the counting time (i.e., the time of measurement) is much longer than the time of tunneling through the SMM. In this case, F (χ) is given by [25, [31] [32] [33] ]
where λ 1 (χ) is the eigenvalue of L χ which goes to zero for χ → 0. According to the definition of the cumulants one can express λ 1 (χ) as
Low order cumulants can be calculated by the Rayleigh-Schrödinger perturbation theory in the counting parameter χ. In order to calculate the first three current cumulants we expand
Along the lines of Ref. [31] , we define the two projectors P = P 2 = |0 0 and Q =
being the steady state ρ stat is the right eigenvectors of L 0 , i.e., L 0 | 0 = 0, and 0 ≡1
is the corresponding left eigenvectors. In view of L 0 is regular, we can also introduce the pseudoinverse according to R = QL −1 0 Q, which is well-defined because the inversion is performed only in the subspace spanned by Q. After a careful calculation, λ 1 (χ) is given by
From Eqs. (10) and (12) we can identify the first three current cumulants:
The three equations above are the starting point of the calculation in following.
III. NUMERICAL RESULTS AND DISCUSSION
We now study the effects of the angle of the external field with respect to the easy axis of the SMM and the transverse anisotropy on the FCS of electronic transport through the SMM weakly coupled to two metallic electrodes. We assume the bias
is symmetrically entirely dropped at the SMM-electrode tunnel junctions, which implies that the levels of the SMM are independent of the applied bias voltage even if the couplings are not symmetric. Since our previous work [10] has studied the effect of Coulomb interaction when θ increases to 0.5π, see Fig. 1(a) ; but quantum noise obviously depends on the angle θ, see Fig. 1(b) and (c). The maximum peak of shot noise firstly increases and then decreases with increasing the angle from 0 to 0.5π. This characteristics of the shot noise can be understood with the help of the dynamic competition between effective fast and slow transport channels [22, 28, 34, [36] [37] [38] . The molecular channel current is given by [8, 9] I |n,i −→|n−1,j
Here C |n−1,j ,|n,i = | n − 1, j| d σ |n, i | 2 is a constant which related to the two molecular states but independent of the bias voltage, where |n, i (i = 01, 02, 03, 04, 05, for S = 2) denote the eigenstates of the molecule with n electrons tunneling into the molecule, which are arranged in an ascending order of their eigenvalues ǫ |n,i . P |n,i is the occupied probability of the state |n, i . Since the maximum value of shot noise appears at a large bias voltage, the Fermi function f R ǫ |n,i − ǫ |n−1,j − µ R changes very slowly with increasing bias voltage, i.e., f R ǫ |n,i − ǫ |n−1,j − µ R ≃ 0. Thus the molecular channel currents I |n,i −→|n−1,j are mainly determined by the probability distribution P |n,i , and I |n−1,j −→|n,i ≃ 0. In the presence of the transverse field and the transverse anisotropy, since the transitions between the molecular eigenstates are not restricted by the selection rule ∆m = ±1/2, the possible transport channels are 4 (2S + 1) 2 , for example, there are a hundred transport channels for S = 2. Therefore, it is unpractical to give all the channel currents. In order to give a qualitative explanation for the effect of the angle θ on the shot noise, we plot the occupied probability of the five main molecular eigenstates as a function of bias voltage V b for θ = 0, 0.1π, 0.2π, 0.3π, 0.4π, 0.5π in Fig. 2 . For the case of K 2 = 0, the increase (or decrease) of the probability of the molecular eigenstate with high occupancy is always accompanied by the decrease (or increase) of the probability of the molecular eigenstates with the low occupancy. It is important that the active competition between the fast and slow transport channels depends on the angle θ. The competition between the probability of the five main molecular eigenstates for θ = 0.2π, 0.3π and 0.4π, as shown in Fig. 2 , is stronger than that for θ = 0 and 0.5π. Thus, the corresponding transport channel currents can form the socalled effective fast-and-slow transport channels, which leads to the maximum value of shot noise for θ = 0.2π, 0.3π and 0.4π are larger than that for θ = 0 and 0.5π. In addition, it is interesting that some certain angles θ (e.g., θ = 0.1π, 0.4π, 0.5π) may decrease the maximum super-Poissonian value of the skewness F 3 > 1 to sub-Poissonian value of F 3 < 1 although the angle (e.g., θ = 0.2π) can also increase the maximum skewness value, see Fig. 1(c) .
In the simultaneity presence of the transverse field and the small transverse anisotropy, the active competition is further strengthened, so that the maximum shot noise value, which is sub-Poissonian value for θ = 0, may be enhanced to super-Poissonian value for some certain angles, e.g., θ = 0.2π, 0.3π and 0.4π, see Fig. 1 
(e).
Compared to the case of Γ L /Γ R ≫ 1, for Γ L /Γ R ≪ 1 the maximum shot noise and the skewness peaks are suppressed with increasing the angle θ. Fig. 3 super-Poissonian behavior seems more sensitive to the small θ than shot noise, see Fig. 3 (c).
The shot noise characteristics can also be understood in terms of the so-called fast and slow transport channels mechanism. Fig. 4 shows the occupancy probability of the five main singly-occupied molecular eigenstates as a function of bias voltage V b for various values of the angle, which determine corresponding transport channel currents. With increasing the angle θ from 0 to 0.5π, the competition between the probabilities of the eigenstates with high occupancy and the eigenstates with the low occupancy is gradually weakened, see Fig.   4 . This means that the active competition between the fast-and-slow channel currents is gradually suppressed, thus leading to the maximum super-Poissonian value of shot noise is reduced even to sub-Poissonian value. Moreover, the small transverse anisotropy for Γ L /Γ R ≪ 1 also suppresses the maximum peaks of the shot noise and the skewness, and thus effaces the sensitivity of the maximum peaks of the shot noise and the skewness to the small θ, see Fig. 3 (e) and (f).
IV. CONCLUSIONS
We have studied the FCS of electron transport through a SMM with an arbitrary angle between the external magnetic field and the easy axis of the SMM above the sequential tunneling threshold. Since the presence of the transverse field and the transverse anisotropy leads to mixing of the spin eigenstates of S z tot , the spin selection rule ∆m = ±1/2 for sequential tunneling processes are no longer applied to our model, as a result, there are
(2S + 1)
2 transport channels participating in the electron transport. Therefore, the angle has a complex impact on the FCS. To facilitate the discussion of the origin of the shot noise, we put special emphasis on the dependence of the maximum noise on the angle of external magnetic field for strong asymmetric coupling to the two electrodes. For the case of Γ L /Γ R ≫ 1, the maximum peak of the shot noise firstly increase and then decrease with increasing θ from 0 to 0.5π. In particular, the shot noise is further enhanced and even reaches super-Poissonian value when considering the small transverse anisotropy. For the case of Γ L /Γ R ≪ 1, the maximum peaks of the shot noise and skewness can be reduced from super-Poissonian to sub-Poissonian value with increasing the angle θ from 0 to 0.5π.
Especially for the skewness, its super-Poissonian behavior seems more sensitive to the small angle θ than shot noise, but this feature is suppressed when taking into account the small transverse anisotropy. These characteristics of shot noise can be understood as a result of the active competition between the fast and slow transport channels. The predictions regarding the high order current cumulants are very interesting for better understanding electron transport through individual single-molecule magnet, and the θ-dependence of the FCS can be helpful in understanding the experimental results because the angle θ is difficult to be controlled experimentally. 1.0 
